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NAVIGATION AND GUIDANCE SYSTEMS PERFORMANCE FOR 

MANNED MISSIONS TO VENUS AND MARS BETWEEN 1972 AND 1980 

By Flora  B. Lowes and Thomas B. Murtagh 

SUMMARY 

Navigation and guidance analyses f o r  a 1972 Venus f lyby ,  a 1975 
Mars f lyby,  and a 1977 Mars stopover were made using s ta te -of - the-ar t  
techniques.  This study includes analyses  f o r  a l l  phases of  each mission;  
performance evaluat ions f o r  both t h e  manned spacecraf t  and t h e  unmanned 
probe a r e  included f o r  each outbound phase. 

The midcourse navigat ion system includes both Earth-based radar 
and onboard t r ack ing  c a p a b i l i t i e s  f o r  updating pos i t i on  and ve loc i ty  
es t imates  of  t h e  spacecraf t  or probe using a Kalman f i l t e r .  The guidance 
system u t i l i z e s  both fixed- and variable-time-of-arrival guidance f o r  
computing t h e  ve loc i ty  correct ions and appropr ia te  t a r g e t  d i spers ions .  

Excluding t h e  f u e l  cos t  f o r  maneuvers i n  t h e  o r b i t a l  phase of t h e  
Mars stopover mission, t h e  r e s u l t s  of t h e  s tudy ind ica t e  t h a t  a t o t a l  
midcourse AV f o r  each mission i s  about 200 fps  ( l a ) ;  r e s u l t i n g  space- 
c r a f t  de l ivery  accuracies  are 4 n. m i .  a t  Mars or Venus f o r  t h e  outbound 
phase and 1 n. m i .  at Earth f o r  t h e  r e t u r n  phase. S imi la r ly ,  f o r  t h e  
probe de l ive ry ,  an accuracy somewhat l e s s  than 5 n. m i .  : can be obtained 
a t  t h e  cos t  of  one cor rec t ion  of approximately 80 f p s  ( l a ) .  These results 
would apply t o  o the r  in te rp lane tary  missions with similar c h a r a c t e r i s t i c s .  

INTRODUCTION 

Assuming t h a t  t h e  p l ane t s  of  primary s c i e n t i f i c  i n t e r e s t  f o r  manned 
in t e rp l ane ta ry  missions are Venus and Mars , t h e  reference missions chosen 
f o r  eva lua t ing  navigat ion and guidance systems performance were a 1972 
Venus f lyby,  a 1975 Mars f lyby ,  and a 1977 Mars stopover.  These missions,  
which are wi th in  t h e  l i m i t s  of present  technology, a r e  r ep resen ta t ive  of 
any which might be considered f o r  t h e  time per iod 1972 t o  1980..  
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For t h e  ana lys i s ,  a l l  navigat ion types and schedules were t h e  same 
for each mission i n  order t o  d i r e c t l y  compare obtainable  accurac ies  and 
f u e l  c o s t s .  A combination of Earth-based radar  t r ack ing  and onboard 
sex tan t  measurements w a s  assumed fo r  t h e  navigat ion of t h e  spacec ra f t ;  
a r ada r  system onboard t h e  spacecraf t  t racked  t h e  probe during t h e  
probe de l ivery  phase of each mission. 
va t ions ,  t h e  t racking s t a t i o n s  were Goldstone, Johannesburg, and Woomera; 
t h e  viewing s t & t i o n  measured range and range-rate simultaneously.  These 
r ada r  da t a  are corrupted by a v a r i e t y  of e r r o r s  but  t h i s  ana lys i s  con- 
s i d e r s  only t h e  white noise  e r r o r s .  

For t h e  Earth-based r ada r  obser- 

The onboard sex tan t  e r r o r  model considers  t h e  sum of  t h r e e  e r r o r  
sources ,  assumed uncorrelated with respec t  t o  each o ther  and from one 
observat ion t o  the  next.  The f i r s t  e r r o r  i s  t h e  bas i c  instrument e r r o r ,  
t h e  second i s  an  e r r o r  i n  the  knowledge of t h e  observed body r ad ius ,  
and t h e  t h i r d  i s  due t o  t h e  uncer ta in ty  i n  t h e  pos i t i on  of t h e  observed 
body. 

The navigat ional  measurements made a t  spec i f i ed  i n t e r v a l s  during 
t h e  mission were processed i n  t u r n  by a Kalman f i l t e r .  The spacecraf t  
onboard r ada r  sys t em t r ack ing  t h e  probe measured t h e  r e l a t i v e  range and 
range-rate between t h e  manned spacecraf t  and t h e  unmanned probe. An 
augmented Ka lman  f i l t e r  w a s  used t o  simultaneously process probe and 
spacecraf t  t rack ing  da ta  after probe separa t ion  during t h e  outbound 
phase. 

The irelocity cor rec t ion  execution e r r o r  w a s  assumed t o  be a funct ion 
of random e r ro r s  i n  engine cu to f f  and i n  t h r u s t  vector  o r i e n t a t i o n  and 
magnitude. The midcourse ve loc i ty  cor rec t ions  were computed using both 
fixed- and variable-time-of-arrival guidance. The fixed-time-of-arrival 
( F T A )  guidance l a w  a t tempts  t o  n u l l  a l l  components of t h e  p o s i t i o n  vector  
e r r o r  at t h e  nominal time of a r r i v a l  at t h e  t a r g e t ;  t h e  variable-time- 
o f - a r r iva l  (VTA) guidance l a w  n u l l s  t h e  rad ius  and t r a c k  components of 
p o s i t i o n  e r r o r  while minimizing t h e  magnitude of t h e  commanded cor rec t ion .  
For t h i s  s tudy ,  VTA guidance w a s  used in s ide  t h e  sphere of inf luence (SOI) 
of t h e  t a r g e t  planet ; FTA guidance w a s  used elsewhere. It has been 
found t h a t  bes t  r e s u l t s  a r e  obtained from combined use of t hese  two 
guidance l a w s .  These cor rec t ions  a r e  inf luenced by t h e  navigat ion system 
accuracy, type and nuniber of navigat ion measurements processed, and 
s i g h t i n g  body diameter and ephemeris e r r o r s .  

The midcourse ve loc i ty  co r rec t ion  schedules were nonoptimum but  
were s e l e c t e d  t o  produce RMS p e r i a p s i s  rad ius  d ispers ions  l e s s  than  
5 n.  m i .  at the  t a r g e t  p l ane t .  The nominal navigat ion and guidance 
system e r r o r s  a re  l i s t e d  i n  t a b l e  I. Discussions of t h e  Earth-based 
radar and onboard sex tan t  e r r o r  models can be found i n  references 1, 2,  
and 3. 



The t o t a l  t r i p  t imes of the missions a r e  370 days f o r  t h e  Venus f lyby ,  
672 days f o r  t h e  Mars f lyby ,  and 980 days - including 300 days o r b i t a l  
s tayt ime - f o r  t h e  Mars stopover. 
r e t u r n  v e l o c i t i e s  f o r  each mission a r e  wi th in  t h e  c a p a b i l i t y  of t h e  uprated 
Apollo systems. 

The Earth i n j e c t i o n  and t h e  Earth 

The unmanned probe reference t r a j e c t o r y  of each mission i s  computed 
assuming t h a t  t h e  probe i s  separated from t h e  manned spacecraf t  a t  t h e  
Venus or Mars SOI. 
t o  t h a t  of t h e  spacecraf t .  The probe l ead  or l a g  time wi th  r e spec t  t o  
spacecraf t  a r r i v a l  a t  t h e  approaching p lane t  p e r i a p s i s ,  en t ry  a l t i t u d e ,  
speed, and f l i gh t -pa th  angle  a re  ca lcu la ted  as a func t ion  of probe- 
spacecraf t  separa t ion  AV. 

The inc l ina t ion  of t h e  probe t r a j e c t o r y  was equal 

SYMBOLS 

s e n s i t i v i t y  vec tor  which r e l a t e s  star-planet-horizon angle 
deviat ions t o  s t a t e  vec tor  devia t ions  

s e n s i t i v i t y  matrix which r e l a t e s  r e l a t i v e  range and range- 
r a t e  deviat ions t o  s t a t e  vector  deviat ions 

uncer ta in ty  covariance matr ix  

probe uncer ta in ty  covariance matrix 

spacecraf t  uncertainty covariance matr ix  

s e n s i t i v i t y  matrix defined by equation ( A 8 )  

i d e n t i t y  matr ix  o f  appropriate  dimens ions 

weighting matrix defined i n  equations (A13) 

3 x 3 matr ix  def ined i n  equations ( A 1 3 )  

augmented uncer ta in ty  covariance matr ix  def ined by equation ( A 5 )  

covariance matrix of measurement e r r o r s  def ined by equation (A14) 

t a r g e t  p lane t  rad ius  

unmanned probe pos i t ion  vector  with respec t  t o  t a r g e t  p lane t  

spacecraf t  pos i t i on  vector with respec t  t o  t a r g e t  p lane t  
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magnitude of spacecraf t  p o s i t i o n  vec tor  

a r b i t r a r y  i n i t i a l  and f i n a l  t imes ,  r e spec t ive ly  

u n i t  vector  t o  s t a r  

unmanned probe ve loc i ty  vec tor  with respec t  t o  t a r g e t  p lane t  

spacecraf t  ve loc i ty  vec tor  with respec t  t o  t a r g e t  p lane t  

r e l a t i v e  v e l o c i t y  vec tor  of unmanned probe with r e spec t  t o  
spacecraf t  (V = Vp - V ) 

P S 

dispers ion  covariance matr ix  

angle between a star and t h e  t a r g e t  p lane t  horizon l i n e  of s i g h t  

6 x 6 unmanned probe s t a t e  t r a n s i t i o n  matr ix  

s m a l l  dev ia t ion  of ( ) 

change t o  uncer ta in ty  covariance mat r ix  as r e s u l t  of a naviga- 
t i o n  measurement or a guidance maneuver 

change t o  d ispers ion  covariance matr ix  as r e s u l t  of a guidance 
maneuver 

one-half t h e  t a r g e t  p l ane t  d i s c  subtended angle  ( s i n  0 = rg/rs) 

12  x 12 augmented s t a t e  t r a n s i t i o n  matr ix  def ined by equat ion (A31 

augmented s t a t e  vec tor  devia t ion  def ined by equation (A2) 

r e l a t i v e  pos i t i on  vec tor  - of unmanned probe with r e spec t  t o  
spacecraf t  (i; = F - rs)  P 

magnitude of r e l a t i v e  p o s i t i o n  vec tor  ( range)  - 
probe-spacecraft r e l a t i v e  range-rate  (1; = P To 1 

P 

var  ianc e of s tar-hor i zon oSservable 

onboard radar range var iance  

onboard radar range-rate  var iance  
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@(t,to) 6 x 6 spacec ra f t  s t a t e  t r a n s i t i o n  mat r ix  

Superscr ip ts  

( )+ 

( 1- ( ) before  navigation measurement or guidance maneuver 

( ) a f t e r  navigation measurement or guidance maneuver 

( 1- l  

( I T  

inverse  of ( ) 

t ranspose  of ( ) 

ANALYSIS 

T r a  j ec t o r y  Char a c t  e r  i s t i c  s 

The missions considered for  t h i s  study were a 1972 Venus f lyby ,  a 
1975 Mars f lyby ,  and a 1977 Mars stopover.  The r e fe rence  t r a j e c t o r i e s  were 
ca l cu la t ed  us ing  matched-conic techniques ( r e f .  4)  , and t h e  s t a t e  
t r a n s i t i o n  mat r ices  used t o  propagate t h e  e r r o r s  were derived a n a l y t i c a l l y  
f o r  two-body conic t r a j e c t o r i e s .  The r e fe rence  t r a j e c t o r y  c h a r a c t e r i s t i c s  
are summarized i n  t a b l e  11. 
Mars mission a r e  presented i n  t a b l e  111. 
stopover o r b i t  can be found i n  re ference  5. 
t r a j e c t o r i e s  i n  t h e  e c l i p t i c  plane a r e  i l l u s t r a t e d  i n  f i g u r e  1. 

The stopover o r b i t a l  parameters f o r  t h e  1977 
Fur ther  d i scuss ion  of t h i s  

The p ro jec t ions  of t h e s e  

Navigation and Guidance System Equations 

The p e r t i n e n t  e r r o r  matrices u s u a l l y  r e f e r r e d  t o  i n  naviga t ion  and 
guidance system analyses a r e  the  unce r t a in ty  covariance mat r ix ,  E ( t ) ,  
and t h e  d i spe r s ion  covariance matrix,  X ( t ) .  
measure of how f a r  t h e  estimated t r a j e c t o r y  i s  from t h e  a c t u a l  t r a j e c t o r y ;  
t h e  d i spe r s ion  matr ix  represents  t h e  dev ia t ion  of t h e  a c t u a l  t r a j e c t o r y  
from t h e  nominal. 
E ( t )  and X ( t )  as a r e s u l t  of a navigation measurement or a guidance 
maneuver a r e  discussed i n  references 1, 2 ,  3, and 6 and can be w r i t t e n  
i n  a generalized form as 

The unce r t a in ty  matr ix  i s  a 

The l i n e a r i z e d  e r r o r  a n a l y s i s  equations used t o  update  

and 

where O ( t , t  ) i s  t h e  s t a t e  t r a n s i t i o n  mat r ix  which r e l a t e s  s t a t e  vec to r  

pe r tu rba t ions  a t  t ime, t ,  t o  s t a t e  vec to r  pe r tu rba t ions  a t  t ime, to. 
0 
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If a navigation measurement i s  processed a t  t i m e ,  t ,  then A X ( t )  = 0 

and A E ( t )  
random e r r o r s  associated with d a t a  processed, and t h e  propagated unce r t a in ty  
assoc ia ted  with the  s t a t e  vec to r  estimate a t  t h e  t i m e  of a p r i o r  measure- 
ment or guidance maneuver. 

i s  computed as a func t ion  of t h e  type  of  measurement, t h e  

When reasonable confidence i s  obtained i n  t h e  t r a j e c t o r y  estimate, 
guidance maneuvers a r e  commanded t o  r e s t o r e  t h e  d ispersed  t r a j e c t o r y  t o  
spec i f i ed  nominal condi t ions .  If a guidance co r rec t ion  i s  executed a t  
t i m e ,  t ,  A X ( t )  
t h e  e r r o r s  associated with t h e  imperfect t h r u s t i n g  maneuver, and t h e  
d ispers ions  propagated from t h e  previous navigat ion measurement o r  guidance 
maneuver. A E ( t )  is  ca l cu la t ed  as a func t ion  of  t h e  t h r u s t  execution 
e r r o r s  and t h e  propagated u n c e r t a i n t i e s  from t h e  previous naviga t ion  
measurement or guidance maneuver. 

i s  computed as a func t ion  of t h e  guidance l a w  implemented, 

I f  ne i the r  a navigat ion measurement nor a guidance iiiai!eiiver i s  
COIIUF.E.Lldd, then  
t o  t h e  next decis ion po in t .  

A X ( t )  = A E ( t )  = 0 ,  and t h e  e r r o r  mat r ices  are propagated 

The RMS pos i t ion  and v e l o c i t y  e r r o r s ,  computed from t h e  square r o o t  
of t h e  t r a c e  of e i t h e r  of t h e  aforementioned covariance ma t r i ces ,  a r e  
presented i n  a l o c a l l y  l e v e l  coordinate  system which d i sp lays  both in-plane 
and out-of-plane e r r o r s .  The X-axis of t h i s  system i s  along t h e  r ad ius  
vec to r  t o  t h e  spacecraf t  or probe ( r a d i u s ) ,  t h e  Z-axis i s  along t h e  o r b i t a l  
angular  momentum vec tor  ( t r a c k ) ,  and t h e  Y - a x i s  completes t h e  orthogonal 
right-handed t r i a d  ( r ange ) .  The e r r o r s  i n  t h i s  system are designated as 
r ad ius ,  range, and t r a c k  e r r o r s ,  and t h e i r  t i m e  rates of change. 

RESULTS AND DISCUSSION 

Before navigation and guidance analyses  can be performed simultaneously 
f o r  three d i f f e ren t  missions,  naviga t iona l  measurement types, measurement 
schedules ,  and guidance methods which are t o  be used must be  determined. 
For t h i s  s tudy,  Earth-based t r ack ing  w a s  assumed wi th in  t h e  Ea r th ' s  
sphere of inf luence (ESOI) whereas, ou t s ide  t h e  ESOI, navigat ion by an , 

onboard system was assumed. By using onboard naviga t ion  ou t s ide  t h e  ESOI, 
e r r o r s  i n  t h e  ephemerides of t h e  p l ane t s  could more e a s i l y  be  included. 
The Earth- inject ion e r r o r s  ,assumed were 4 n.  m i .  and 1 6  f p s .  

The following general  d i scuss ion  r e f e r s  t o  t h e  outbound and r e t u r n  
midcourse phases of a l l  t h r e e  missions;  d i scuss ion  of t h e  o r b i t  phase of 
t h e  1977 Mars stopover mission i s  defer red  t o  a la te r  p a r t  of t h e  paper.  
The onboard navigation of t h e  spacecraf t  w a s  simulated us ing  a sex tan t  
for o p t i c a l  angle measu rqen t s .  During t h e  h e l i o c e n t r i c  p a r t  of t h e  
outbound and r e tu rn  t r a j e c t o r i e s  ( i . e . ,  t h e  po r t ion  between t h e  ESOI and 
t h e  Mars or Venus sphere of in f luence ,  when t h e  Sun i s  t h e  c e n t r a l  body 
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of t h e  c o n i c ) ,  s ta r -p lane t  included angle  measurements were processed a t  
12-hr i n t e r v a l s .  
(Venus o r  M a r s ) ,  measurement i n t e r v a l s  were reduced t o  30 minutes and t h e  
type of measurement changed t o  the s tar-horizon included angle .  These 
measurement types a r e  discussed in  r e fe rences  4 and 6. 
f o r  t h e  measurement schedules were empir ica l ly  chosen. 

Within t h e  sphere of in f luence  of t h e  t a r g e t  p l ane t  

The t i m e  i n t e r v a l s  

No at tempt  w a s  made t o  optimize t n e  choice of stars f o r  t h e  sex tan t  
measurements. The star used f o r  each measurement was randomly chosen 
from a l i m i t e d  catalogue of s t a r s  i n  t h e  s imulat ion program. However, 
an at tempt  w a s  made t o  e s t a b l i s h  some c r i t e r i a  f o r  t h e  s e l e c t i o n  of t h e  
optimum sighting-body, o ther  than t h e  s tar ,  t o  be  used for t h e  o p t i c a l  
measurements. This w a s  done by inves t iga t ing  t h e  measurement accuracy 
obtained by t h e  sex tan t  f o r  bodies of i n t e r e s t  along t h e  t r a j e c t o r i e s  of 
each mission. A s  pointed out  i n  r e fe rence  7 ,  t h e  p o s i t i o n  unce r t a in ty  
e s t ab l i shed  wi th  an o p t i c a l  device i s  d i r e c t l y  r e l a t e d  t o  t h e  range of 
t h e  body being observed. Thus, f o r  each observat ion t h e  unce r t a in ty  
i n  t h e  p o s i t i o n  measurement f o r  each body of i n t e r e s t  can be ca l cu la t ed .  
By t h i s  process ,  which i s  based on t h e  range t o  t h e  observed body and on 
o p t i c a l  s igh t ings  va r i ances ,  a semi-optimum choice of a s i g h t i n g  body can 
be made. 

Figures  are presented which conta in  t h e  ca l cu la t ed  e r r o r s  i n  t h e  
p o s i t i o n  measurenent f o r  each c e l e s t i a l  body of i n t e r e s t  during t h e  1972 
Venus f lyby ,  t h e  1975 Mars f lyby,  and t h e  1977 Mars s topover ,  r e spec t ive ly .  
By inspec t ion  of t hese  p l o t s ,  a re ference  navigat ion schedule of which 
bodies  t o  s i g h t  on can be determined f o r  each mission. The f i g u r e s  
presented are app l i cab le  only t o  t h e  three missions i n  t h i s  s tudy;  
however, a re ference  navigat ion schedule can be e a s i l y  determined i n  t h e  
same manner f o r  any t r a j e c t o r y  using similar p l o t s .  These f i g u r e s  w i l l  
be discussed i n  more d e t a i l  i n  the fol lowing sec t ions  on each r e spec t ive  
mission . 

After sepa ra t ion  of t h e  unmanned probe from t h e  spacec ra f t  during 
t h e  outbound phase of each mission, navigat ion of t h e  probe w a s  accomplished 
by pos tu l a t ing  measurements o f  r e l a t i v e  range and range-rate  us ing  a 
r ada r  onboard t h e  spacecraf t .  For t h i s  study t h e  probe e n t r y  parameters 
f o r  each mission were chosen so t h a t  t h e  separa t ion  AV would be a near 
minimum. However, i n  a c t u a l  p rac t i ce  t h e s e  probe parameters would be 
chosen as a func t ion  of t h e  spec i f i c  type  of mission considered ( e . g . ,  
hard landing ,  s o f t  landing,  skipout i n t o  o r b i t ) .  For t h e  development of 
equations p e r t i n e n t  t o  t h e  probe d e l i v e r y  ana lys i s  , refer  t o  appendix A .  

1972 Venus Flyby 

Spacecraf t  navigat ion and guidance.- For outbound and r e t u r n  phases 
of t h e  Venus f lyby  mission, the navigat ion w a s  as previously descr ibed 
f o r  a l l  missions.  By inspec t ion  of f i g u r e  2 ,  a r e fe rence  schedule w a s  



a 
determined f o r  s e l ec t ing  t h e  s igh t ing  body f o r  t h e  s t a r -p l ane t  measure- 
ments. For example, i n  f i g u r e  2 ,  f o r  t h e  outbound phase of t h e  mission 
which covers launch t o  approximately 113 days (Venus p e r i a p s i s )  , it i s  
obvious t h a t  b e t t e r  measurement accuracy can be  obtained by s igh t ing  on 
t h e  Earth from i n j e c t i o n  u n t i l  approximately 69 days i n t o  t h e  mission,  a t  
which t i m e  Venus becomes and cont inues t o  be t h e  des i r ed  s igh t ing  body 
u n t i l  t h e  r e t u r n  phase. I n  t h e  r e t u r n  phase,  Venus remains t h e  best choice 
u n t i l  approximately 210 days i n t o  t h e  mission,  o r  about 100 days after 
Venus p e r i a p s i s  passage, a t  which t i m e  t h e  Earth aga in  becomes t h e  primary 
s igh t ing  body and cont inues t o  be  u n t i l  r e t u r n  a t  Earth.  A s  can be  seen,  
ne i ther  t h e  Sun nor Mars a i d  i n  decreasing measurement e r r o r s .  

Typical navigat ional  accuracy d a t a  f o r  a Venus mission are contained 
i n  f i g u r e  3 which shows t h e  spacecraf t  RMS p o s i t i o n  unce r t a in ty  a t  Venus 
p e r i a p s i s  f o r  the outbound phase of t h e  1972 Venus f lyby  mission and a t  
Earth p e r i a p s i s  f o r  t h e  r e t u r n  phase. The r e s u l t s  of t h e  ana lys i s  a r e  
presented a t  only t h e s e  te rmina l  po in t s  of  each phase s ince  t h e s e  are t h e  
po in t s  of p r inc ipa l  i n t e r e s t .  

Figure 3 (a )  conta ins  t h e  pro jec ted  pos i t i on  unce r t a in ty  as a func t ion  
of t h e  outbound t r a j e c t o r y  t i m e .  
t h e  guidance system can be  seen by t h e  breaks (denoted by t h e  arrows) i n  
t h e  curve a f te r  each guidance maneuver. The i n i t i a l l y  pro jec ted  p o s i t i o n  
unce r t a in ty  i s  qu i t e  l a r g e ,  as would be expected. However , as can be  
seen, t h e  e r r o r  i s  reduced r a t h e r  e f f ec t ive ly  by t h e  Earth-based t r ack ing  
while  t h e  spacecraf t  i s  wi th in  t h e  ESOI, and rana ins  r a t h e r  s t a t i c  during 
t h e  g r e a t e r  p a r t  of t h e  h e l i o c e n t r i c  po r t ion  o f  t h e  t r a j e c t o r y .  A s  has 
been found from previous s tud ie s  and t h e  ana lys i s  of d a t a  f o r  t h e  t h r e e  
missions considered here  , t h e  spacecraf t  pos i t i on  unce r t a in ty  tends  t o  
decrease slowly with measurements during t h e  h e l i o c e n t r i c  po r t ion  of  t h e  
t r a j e c t o r y .  This tendency seems t o  be  independent of  measurement frequency 
during t h i s  period. Conversely, when t h e  spacecraf t  i s  wi th in  t h e  SO1 
of t h e  des t ina t ion  p l a n e t ,  t h e  p o s i t i o n  unce r t a in ty  decreases  r a p i d l y ,  
varying s l i g h t l y  according t o  measurement frequency. This i s  evident  i n  
f i g u r e  3(a) where one can a l s o  see t h a t  even with apprec iab le  guidance 
system degradation during t h e  l a t t e r  po r t ion  of t h e  outbound phase when 
approaching Venus t h e  onboard navigat ion system r a p i d l y  decreases  t h e  
unce r t a in ty  i n  spacecraf t  p o s i t i o n  es t imat ion  a t  Venus p e r i a p s i s .  It 
should be  noted t h a t  t h e  navigat ion d a t a  presented i n  t h e  convent ional  
manner of  t o t a l  p o s i t i o n  e r r o r  a t  t h e  t a r g e t  r ep resen t s  t h e  combined e r r o r s  
i n  r a d i u s ,  range, and t r a c k .  The major po r t ion  of t h e  t o t a l  RMS p o s i t i o n  
e r r o r s  l i e s  i n  the  down-range component which a f f e c t s  only t h e  a r r iva l  
t i m e ,  thus  performance, which i s  mainly a r e s u l t  of a l t i t u d e  e r r o r ,  i s  
genera l ly  good even when t h e  t o t a l  e r r o r  appears r a t h e r  l a r g e  

The accuracy degradat ion caused by 

( r e f .  2 and 3 ) .  

Figure 3 (b )  conta ins  p o s i t i o n  unce r t a in ty  d a t a  f o r  t h e  r e t u r n  phase of 
t h e  Venus f lyby  mission similar t o  t h a t  presented f o r  t h e  outbound phase. 
The RMS pos i t i on  unce r t a in ty  a t  Ear th  p e r i a p s i s  i s  presented as a func t ion  
of  t i m e  a long t h e  r e t u r n  t r a j e c t o r y  from Venus p e r i a p s i s .  A s  can be seen,  
t h e  p o s i t i o n  uncertainty curve p r o f i l e  i s  somewhat d i f f e r e n t  from t h a t  
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f o r  t h e  outbound phase of t h e  Venus mission. 
t h e  longer t i m e  of t h e  r e t u r n  phase and of t h e  naviga t ion  conf igura t ion  
which u t i l i z e s  only onboard o p t i c a l  measurements from Venus p e r i a p s i s  
passage t o  t h e  ESOI. 
p ro jec t ed  p o s i t i o n  uncer ta in ty  ,appreciably while  w i th in  t h e  Venus SOI. 
However, as can be seen, t h e  e r ro r  curve tends t o  level o f f  a t  a higher  
va lue  than  t h a t  f o r  t h e  outbound phase during t h e  h e l i o c e n t r i c  per iod 
of t h e  t r a j e c t o r y .  During t h i s  t ime l i t t l e  information i s  obta inable  t h a t  
w i l l  a i d  t h e  navigat ion system i n  decreasing es t imat ion  e r r o r s .  This i s  
evident  by looking again a t  f i g u r e  2 i n  which it can be seen t h a t  during 
t h e  e a r l y  p a r t  of t h e  r e t u r n  phase, t h e  p o s i t i o n  measurement e r r o r  of t h e  
p r i n c i p a l  s igh t ing  body (Venus) i s  increas ing  u n t i l  approximately 100 days,  
a t  which t i m e  t h e  Earth becomes t h e  primary s igh t ing  body t o  con t r ibu te  
information which w i l l  improve t h e  navigat ion accuracy. This con t r ibu t ion  
i s  shown i n  t h e  p o s i t i o n  uncer ta in ty  curve of f i g u r e  3(b), f o r  a t  t h i s  time 
a marked decrease i s  not iced i n  t h e  curve p r o f i l e  and a continuous decrease 
i n  t h e  est imated pos i t i on  e r r o r  i s  shown during t h e  remainder of t h e  r e t u r n  
phase. Once t h e  spacecraf t  i s  w i th in  t h e  ESOI, an  apprec iab le  inc rease  
i n  es t imat ion  accuracy i s  obtained by t h e  use  of t h e  Earth-based t r ack ing .  
This i s  evident  i n  f i g u r e  3 ( b ) ,  which shows t h a t  t h e  RMS p o s i t i o n  unce r t a in ty  
f o r  t h e  spacec ra f t  r e t u r n  t o  Ear.th i s  less  than  2 n. m i .  

This i s  p a r t i a l l y  a r e s u l t  of 

The onboard navigat ion system lowers t h e  i n i t i a l l y  

Also a id ing  i n  t h e  decrease of  t h e  f i n a l  p o s i t i o n  unce r t a in ty  obtained 
for t h e  r e t u r n  phase w a s  t h e  lack of any s i g n i f i c a n t  e f f e c t  of guidance 
maneuvers on t h e  navigat ion system as cont ras ted  t o  t h a t  f o r  t h e  outbound 
phase.  Since t h i s  p a r t i c u l a r  mission i s  continuous,  each co r rec t ion  i s  a 
r e f l e c t i o n  of t h e  execution e r ro r  of t h e  previous co r rec t ion .  Thus, t h e  
guidance system degradat ion t o  naviga t iona l  accuracy i s  decreased with 
each co r rec t ion .  This i s  evident by inspec t ion  of t h e  curves i n  f i g u r e  3. 
Notice t h a t  t h e  outbound phase shows a s i g n i f i c a n t  decrease  i n  p o s i t i o n  
es t imat ion  accuracy a f t e r  each guidance maneuver. However , it i s  obvious 
t h a t  t h e  e f f e c t  of t h e  maneuver tends t o  decrease u n t i l ,  i n  t h e  r e t u r n  
phase,  t h e  es t imat ion  e r r o r  curve i s  only s l i g h t l y  d i s tu rbed  by a guidance 
maneuver. 

A s  denoted i n  f i g u r e  3 ,  a t o t a l  of seven guidance co r rec t ions  were 
implemented f o r  t h e  1972 Venus f lyby  mission. Only three co r rec t ions  were 
needed during t h e  outbound phase t o  ob ta in  t h e  d e s i r e d  spacec ra f t  de l ive ry  
accuracy, whereas fou r  cor rec t ions  were required f o r  t h e  r e t u r n  phase. 
F igure  4 contains  t h e  outbound and r e t u r n  midcourse AV a s  a func t ion  of 
spacec ra f t  de l ive ry  accuracy a t  Venus and Earth,  r e s p e c t i v e l y .  Each of 
t h e  f i g u r e s  conta ins  two curves.  
i n  t h e  ana lys i s  using VTA guidance wi th in  t h e  SO1 of t h e  d e s t i n a t i o n  
p l a n e t ,  whereas t h e  dashed l i n e  r ep resen t s  t h a t  obtained wi th  t h e  use of 
FTA guidance. The l a t t e r  curve i s  given f o r  comparative purposes only,  
f o r  i n  an a c t u a l  mission FTA guidance would not  be used during t h i s  
p a r t i c u l a r  t ime per iod s ince  the re  i s  no need t o  con t ro l  t h e  down-range 
e r r o r .  
b e t t e r  r e s u l t s  f o r  l ess  f u e l  cost .  Thus, d i scuss ion  w i l l  be l i m i t e d  t o  
t h e  curve f o r  VTA guidance. 
based on t h e  use of VTA guidance during t h e  t a r g e t  p l a n e t  approach phases.  

The s o l i d  l i n e  r ep resen t s  da t a  obtained 

Also,  it i s  obvious by inspec t ion  of f i g u r e  4, VTA guidance produces 

Also, conclusions i n  t h i s  s tudy w i l l  be  
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By inspec t ion  of f i g u r e  4 (a ) ,  a t o t a l  outbound AV budget can be ' determined as a r e s u l t  of t h e  des i r ed  p e r i a p s i s  r a d i u s  d i spe r s ion .  
f i g u r e  t h e  r a d i u s  of p e r i a p s i s  d i spe r s ion  a t  Venus i s  p l o t t e d  aga ins t  
t o t a l  RMS outbound AV. 
i n  f i g u r e  4(a) can b e  used as an  a i d  i n  choosing t h e  f i n a l  co r rec t ion  i n  
t h e  outbound phase. 
of t h e  f i g u r e  represents  t h e  second outbound c o r r e c t i o n  a t  approximately 
8 days from Venus p e r i a p s i s  passage. 
co r rec t ion  r e s u l t e d  i n  a t o t a l  AV of about 76 f p s  with a p e r i a p s i s  r a d i u s  
d i spe r s ion  of  32 n. m i .  
one can e a s i l y  f ind  whether or not any improvement can be made by a t h i r d  
guidance cor rec t ion ;  and, i f  so ,  when it should be made. Following t h e  
curve from r i g h t  t o  l e f t ,  it i s  e a s i l y  seen t h a t  i n  order  t o  reduce t h e  
r ad ius  of pe r i aps i s  d i spe r s ion  t o  a t o l e r a b l e  va lue ,  it i s  necessary t o  
w a i t  u n t i l  s h o r t l y  before  Venus p e r i a p s i s  t o  execute t h e  t h i r d  v e l o c i t y  
cor rec t ion .  
co r rec t ion  f o r  t h i s  a n l y s i s .  That i s ,  f o r  a AV of approximately 11 f p s  
executed a t  4 hours from p e r i a p s i s ,  a de l ive ry  accuracy of 4 n.  m i .  can 
be acquired a t  Venus p e r i a p s i s ,  r e s u l t i n g  i n  a t o t a l  midcourse f u e l  c o s t  
of 96 f p s  f o r  t he  outbound phase of t h e  mission. The choice denoted i s  
considered t o  be t h e  b e s t  s ince  t h e  d i spe r s ion  g e t s  no b e t t e r  and t h e  
requi red  AV increases  r ap id ly  af ter  t h i s  po in t .  This lower bound of t h e  
de l ive ry  accuracy i s  very  dependent on t h e  accuracy of t h e  naviga t ion  
system. 

I n  t h i s  

The curve represent ing  t h e  VTA guidance p l o t t e d  

The las t  po in t  on t h e  curve a t  t h e  right-hand s i d e  

A s  can be seen,  t h i s  second v e l o c i t y  

By fol lowing t h e  p r o f i l e  of t h e  d i spe r s ion  curve,  

I n  f i g u r e  4 (a) ,  a n  arrow denotes t h e  choice of t h e  t h i r d  

Figure 4 ( b )  c o n s i s t s  of information f o r  t h e  r e t u r n  phase of t h e  1972 
Venus f lyby  p lo t t ed  i n  t h e  same manner as f o r  t h e  outbound phase. Thus, 
t h e  t o t a l  r e t u r n  AV and t h e  placement of t h e  f o u r t h ,  or f i n a l  guidance 
co r rec t ion  f o r  t he  r e t u r n  phase can be  determined in;  a similar nianner. 
I n  t h i s  f igure,  t h e  r ad ius  of p e r i a p s i s  d i spe r s ion  a t  Ear th  i s  p l o t t e d  
as a func t ion  of t h e  t o t a l  RMS r e t u r n  AV. Again, it i s  advantageous t o  
w a i t  u n t i l  a f e w  hours from p e r i a p s i s  t o  i n i t i a t e  t h e  f i n a l  v e l o c i t y  
cor rec t ion .  By inspec t ion  of t h e  curve represent ing  VTA guidance, it i s  
evident  t h a t  t he  b e s t  de l ive ry  accuracy t h a t  can be  obtained i s  
approximately 1 n. m i .  This accuracy would, i n  t u r n ,  c o s t  only 30 f p s  
more than  had been expended a f te r  t h e  t h i r d  co r rec t ion ;  or it would c o s t  
a t o t a l  of 116 fps f o r  t h e  r e t u r n  phase of t h e  1972 Venus f lyby  mission.  
The t i m e  choice f o r  t h e  f o u r t h  co r rec t ion  i s  aga in  denoted i n  f i g u r e  4 ( b )  
by an arrow. 
phase a s  compared t o  t h a t  at Venus during t h e  outbound phase i s  a resu l t  
of t h e  improved navigat ion accuracy from longer  onboard t r ack ing  during 
t h e  he l iocen t r i c  per iod  and from Earth-based t r ack ing  wi th  t h e  ESOI. 

The improvement of t h e  d i spe r s ion  at Earth i n  t h e  r e t u r n  

The f igu res  previously discussed f o r  t h e  1972 Venus f lyby  i n d i c a t e  
t h a t  spacecraf t  de l ive ry  accurac ies  of 4 n. m i .  and 1 n. m i .  can be obtained 
a t  Venus pe r i aps i s  i n  t h e  outbound phase and a t  Ear th  p e r i a p s i s  i n  t h e  
r e t u r n  phase,  respec t ive ly .  
and 6 n. m i .  a t  t h e  r e spec t ive  t a r g e t s .  

These accurac ies  r ep resen t  co r r ido r s  of 24 
The c o s t  of ob ta in ing  t h e s e  



de l ive ry  accuracies  w a s  approximately 96 f p s  f o r  t h e  outbound phase and 
116 fps  f o r  t h e  r e t u r n  phase r e s u l t i n g  i n  a t o t a l  cos t  of 212 f p s  f o r  
midcourse maneuvers i n  t h e  1972 Venus f lyby  mission. 

Unmanned probe navigat ion and guidance.- A p l o t  of p e r t i n e n t  probe en t ry  
parameters as a funct ion of separat ion ve loc i ty  i s  presented f o r  t h e  1972 
Venus f lyby  mission i n  f i g u r e  5. It w a s  assumed t h a t  t h e  probe would be  
deployed from t h e  spacecraf t  a t  the Venus SO1 ( ~ 3 3 0  000 n. m i .  from t h e  
p l a n e t )  and t h a t  t h e  i n c l i n a t i o n  o f  t h e  probe t r a j e c t o r y  would be t h e  same 
as t h a t  of t h e  spacecraf t  f lyby  hyperbola. 
occurs when t h e  angle between AT SEP 
i s  90'. 
490 000 f t ;  an en t ry  a l t i t u d e  of 580 000 f t  i s  assumed f o r  t h e  d a t a  
presented i n  f i g u r e  5 ( b ) .  
of s h i f t i n g  a l l  curves t o  t h e  l e f t  so t h a t  t h e  minimum separa t ion  v e l o c i t y  
occurs for 8 smaller en t ry  speed f o r  t h e  increased en t ry  a l t i t u d e .  
i n  t h e  en t ry  f l i gh t -pa th  angle  from 0' t o  -45', f o r  f i xed  en t ry  speed and 
a l t i t u d e ,  produce an increase  i n  the  requi red  separa t ion  v e l o c i t y  and a 
decrease i n  t h e  t i m e  required f o r  t h e  probe t o  "ar r ive"  a t  vacuum p e r i a p s i s .  

The minimum separa t ion  v e l o c i t y  
and t h e  spacecraf t  v e l o c i t y  vec tor  

Figure 5(a) presents  probe en t ry  d a t a  for an  en t ry  a l t i t u d e  of 

The increase i n  t h e  en t ry  a l t i t u d e  has t h e  e f f e c t  

Var ia t ions  

The choice of t h e  probe entry t r a j e c t o r y  has a d e f i n i t e  e f f e c t  on t h e  

For t h e  ana lys i s  presented t h e  probe en t ry  
de l ive ry  accuracy but  a parametric s tudy t o  determine t h i s  inf luence w a s  
beyond t h e  scope of t h i s  note.  
parameters were chosen such t h a t  a near-minimum separa t ion  v e l o c i t y  would 
be requi red .  The en t ry  a l t i t u d e ,  speed, and f l igh t -pa th  angle  spec i f i ed  
were 490 000 f t ,  37 670 f p s ,  and - loo ,  r e spec t ive ly ,  with a corresponding 
separa t ion  AV of 50 f p s .  With t h i s  choice of en t ry  parameters t h e  probe 
would a r r i v e  a t  i t s  vacuum pe r i aps i s  approximately 3 minutes a f t e r  t h e  
spacecraf t  reaches t h e  p e r i a p s i s  of t h e  f lyby hyperbola. 

The probe navigat ion r e s u l t s  f o r  t h i s  mission a r e  presented i n  f i g u r e  6. 
The s igni f icance  of p l o t t i n g  t h e  vacuum pe r i aps i s  rad ius  e r r o r  i s  b e t t e r  
understood i f  one r e a l i z e s  t h a t  t h i s  s i n g l e  parameter i s  a measure of t h e  
en t ry  cor r idor  a t t a i n a b l e  by t h e  probe midcourse navigat ion o r  guidance 
system ( e n t r y  cor r idor  = vacuum pe r i aps i s  rad ius  e r r o r  mul t ip l ied  by f a c t o r  
of s i x ) .  
i nd ices  f o r  t h e  probe navigat ion and guidance systems r e spec t ive ly .  The 
e f f e c t  of t h e  onboard radar  accuracy on t h e  vacuum p e r i a p s i s  r ad ius  
unce r t a in ty  i s  i l l u s t r a t e d  i n  t h i s  f i g u r e .  The d i f f e rence  between t h e  
nominal radar  e r r o r s  ( a  

The uncer ta in ty  and d ispers ion  i n  t h i s  parameter a r e  performance 

= 50 f t  , 0. = 0.5 0 s  ,) and t h e  2x nominal e r r o r s  
P D 

( a  
P P 

separa t ion .  
( 56 measurements) . 

= 100 f t ,  a. = 1 . 0  f p s )  i s  most'pronounced around 1 4  hours from 

The two curves converge, however, a f t e r  28 hours of t racking  

The probe midcourse guidance r e s u l t s  a r e  i l l u s t r a t e d  i n  f i g u r e  7.  
t h e  d a t a  f o r  t h e  nominal radar  t racking e r r o r s  a r e  presented s ince  t h e  

Only 



midcourse AV p r o f i l e  for t h e  2x nominal r ada r  e r r o r s  i s  e s s e n t i a l l y  t h e  
same as t h e  data  shown. A s i n g l e  co r rec t ion  executed 1 . 5  hours before  
t h e  probe would a r r i v e  a t  i t s  vacuum p e r i a p s i s  r equ i r e s  a AV of 35 f p s  
with a r e s u l t i n g  co r r ido r  of 22.2 n. m i .  (vacuum p e r i a p s i s  r a d i u s  
d i spe r s ion  = 3.7 n.  m i . ) .  
a t t a i n a b l e  by the midcourse guidance system can be reduced t o  19.8 n.  m i .  
f o r  an  increased AV c o s t  of 108 f p s .  

If t h i s  co r rec t ion  i s  delayed 1 hour,  t h e  c o r r i d o r  

1975 Mars Flyby 

Spacecraf t  navigat ion and guidance.- The 1975 Mars f lyby  mission i s  
s i m i l a r  t o  t h e  Venus f lyby  mission. The outbound phase i s  133 days,  and t h e  - -  
r e t u r n  phase i s  539 days,  r e s u l t i n g  i n  a t o t a l  round-tr ip  t ime of -  672 days.  
The navigat ion and guidance assumed f o r  t h e  1975 Mars f lyby  w a s  t h a t  
previously discussed f o r  a l l  missions.  S imi l a r ly ,  t h e  optimum s igh t ing  
body schedule f o r  t h e  s ta r -p lane t  measurements w a s  chosen by inspec t ion  of 
a p l o t  of measurement accurac ies  obtained by t h e  sex tan t  f o r  bodies of 
i n t e r e s t  along t h e  t r a j e c t o r y .  
re fe rence  schedule f o r  t h e  1975 Mars f lyby  mission.  It i s  e a s i l y  seen 
i n  t h i s  f i g u r e  t h a t  t h e  Earth i s  t h e  p l ane t  t o  use  f o r  t h e  f i rs t  80 days 
of t h e  outbound phase of t h e  mission. A t  t h i s  t i m e  Mars becomes t h e  
prominent body and cont inues t o  be u n t i l  almost 500 days i n t o  t h e  mission,  
or about 360 days i n t o  t h e  r e t u r n  phase. 
t h e  obvious choice.  A s  can be seen,  t hese  two bodies  ( i  .e. , Earth and 
Mars) do not  at a l l  t i m e s  con t r ibu te  s i g n i f i c a n t  information t o  t h e  
navigat ion system; however, no o the r  body along t h e  t r a j e c t o r y  a t  any t i m e  
does even as well as t h e s e  two. The e f f e c t s  of t h e  f l u c t u a t i o n s  i n  t h e  
measurement e r ror  curves of figure 8 can be seen i n  t h e  following navigat ion 
accuracy curves. 

Figure 8 w a s  used t o  determine t h i s  

From t h i s  p o i n t ,  Ear th  again i s  

Figure 9 contains  t y p i c a l  navigat ion d a t a  f o r  a Mars f lyby  mission. 
Figures g ( a >  e,nd 9 ( b )  conta in  t h e  spacecraf t  RMS p o s i t i o n  unce r t a in ty  a t  
Mars p e r i a p s i s  f o r  t h e  outbound phase and a t  Ear th  p e r i a p s i s  f o r  t h e  
r e t u r n  phase of the  1975 Mars f l y b y ,  r e spec t ive ly .  A s  f o r  t h e  Venus 
mission, t h e  r e s u l t s  here  are presented only a t  te rmina l  po in t s  of each 
phase. 

A s  can be seen i n  f i g u r e  9 ( a ) ,  t h e  obtained navigat ion accuracy f o r  
t h e  outbound phase of t h e  Mars f lyby  i s  very similar t o  t h a t  shown f o r  t h e  
Venus f lyby .  The i n i t i a l l y  pro jec ted  e r r o r  i s  very  l a r g e ,  bu t  i s  reduced 
e f f e c t i v e l y  ear ly  i n  t h e  mission. The e f f e c t s  of t h e  guidance system 
degradat ion can a l s o  be  seen af ter  each guidance maneuver (denoted by 
arrows) .  
r equ i r e s  a t o t a l  of four  v e l o c i t y  co r rec t ions  t o  ob ta in  t h e  spec i f i ed  
cor r idor  a t  Mars p e r i a p s i s .  
RMS p o s i t i o n  uncer ta in ty  i s  approximately 40 n. m i .  

Unlike t h e  Venus outbound phase,  t h e  Mars f lyby  outbound phase 

I n  f i g u r e  g ( a ) ,  one can see  t h a t  t h e  f i n a l  
This unce r t a in ty  i s  
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twice t h e  va lue  obtained f o r  t h e  previous mission and i s  p a r t i a l l y  a 
r e s u l t  of t h e  s p a c e c r a f t ' s  shorter  t r a j e c t o r y  t ime wi th in  t h e  Mars SOI. 
However, as previously mentioned, t h e  l a r g e s t  p o r t i o n  of t h e  e r r o r  i n  
p o s i t i o n  i s  i n  t h e  down-range component which r e s u l t s  i n  an a r r i v a l  
t iming error;  thus  it does not a f f e c t  t h e  performance of t h e  spacec ra f t .  

Navigation d a t a  for t h e  r e t u r n  phase of t h e  197.5 Mars f lyby  i s  pre- 
sented i n  f i g u r e  g ( b ) .  These data are p l o t t e d  i n  t h e  sane manner as i n  
f i g u r e  g(a). 
t han  t h e  outbound phase, four ve loc i ty  co r rec t ions  a r e  s u f f i c i e n t .  The 
unce r t a in ty  curve p r o f i l e  behaves i n  much t h e  same manner as t h a t  f o r  
t h e  r e t u r n  phase of t h e  Venus mission. 
d a t i o n  i s  much l e s s  during t h e  r e tu rn  phase and again t h e  t o t a l  RMS 
p o s i t i o n  unce r t a in ty  i s  reduced t o  approximately 1 n. m i .  a t  Ear th  
p e r i a p s i s .  

Although t h e  r e t u r n  phase i s  s e v e r a l  hundred days longer 

Again t h e  guidance system degra- 

A t o t a l  of e igh t  guidance maneuvers w a s  r equ i r ed  f o r  t h e  round t r i p  
of t h e  1975 Mars f lyby .  Four cor rec t ions  were needed f o r  each phase t o  
o b t a i n  t h e  des i r ed  spacecraf t  de l ivery  accuracy a t  each r e s p e c t i v e  p l a n e t .  
Figure lO(a) and ( b )  contains the outbound and r e t u r n  midcourse AV as a 
func t ion  of spacec ra f t  de l ive ry  accuracy a t  Mars and Ear th ,  r e s p e c t i v e l y .  
A s  f o r  t h e  Venus mission, s o l i d  l i n e  curves r ep resen t  d a t a  obtained wi th  
VTA guidance, and dashed l i n e  curves r ep resen t  t h a t  obtained with FTA 
guidance. For t h i s  Mars f lyby  mission, only t h e  VTA guidance d a t a  w i l l  
be  discussed. 

By inspec t ion  of f i g u r e  1 0 ,  a t o t a l  outbound and r e t u r n  AV budget 
can be determined as a r e s u l t  of t h e  des i r ed  p e r i a p s i s  r ad ius  d i spe r s ion  
a t  t h e  r e spec t ive  t a r g e t s .  I n  f igu re  lO(a) , t h e  r ad ius  of p e r i a p s i s  
d i spe r s ion  a t  Mars i s  p l o t t e d  against  t o t a l  RMS outbound AV. 
d a t a  p l o t t e d  he re  begins a f t e r  the t h i r d  outbound v e l o c i t y  c o r r e c t i o n ,  
t h e  VTA guidance d a t a  curve can be used f o r  choosing t h e  f i n a l  co r rec t ion  
of t h e  outbound phase, Af te r  the t h i r d  c o r r e c t i o n ,  represented by t h e  
last  po in t  on t h e  right-hand s i d e  of t h e  p l o t ,  t h e  t o t a l  outbound RMS AV 
used w a s  60 f p s ,  and a de l ive ry  accuracy of approxirnately 37 n.  m i .  can 
be  obtained. However, s ince  t h e  t h i r d  c o r r e c t i o n  w a s  executed 24 hours 
before  Mars p e r i a p s i s  passage and s ince  t h e  va lue  of t o t a l  AV used thus  
far i s  s t i l l  r a t h e r  low, it i s  obvious t h a t  a f o u r t h  v e l o c i t y  co r rec t ion  
can be  executed such t h a t  a s a f e  de l ive ry  accuracy can be obtained. Thus, 
u s ing  t h e  same c r i t e r i a  as w a s  used i n  t h e  Venus mission, poss ib ly  t h e  b e s t  
choice f o r  t h e  f o u r t h  guidance maneuver i s  at 5 hours from p e r i a p s i s  
passage. By inspec t ion  of f igu re  lO(a>,  it can be seen t h a t  f o r  approximately 
12 .5  f p s  more, or a t o t a l  outbound RMS AV of 82.5 f p s ,  a r ad ius  of p e r i a p s i s  
d i spe r s ion  of l e s s  than  4 n. m i .  can be  obtained. 

Since t h e  

S imi l a r ly ,  from f i g u r e  1 0 ( b )  t h e  f i n a l  v e l o c i t y  co r rec t ion  i n  t h e  
r e t u r n  phase of t h e  1975 Mars flyby can be chosen. 
i s  dependent on t h e  choice o f  cor rec t ions  made and t h e  accuracy obtained 
during t h e  outbound phase s ince  t h e  f lyby  i s  a continuous mission. 

The t o t a l  r e t u r n  AV 
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Figure 10(b) c o n s i s t s  of information f o r  t h e  r e t u r n  phase of t h e  
1975 Mars f lyby.  I n  t h i s  f igure,  t h e  r ad ius  of p e r i a p s i s  d i spe r s ion  a t  
Ea r th  i s  p lo t t ed  aga ins t  t o t a l  RMS r e t u r n  AV. 
t h r e e  v e l o c i t y  cor rec t ions  during t h e  r e t u r n  phase a t  a c o s t  of 136 f p s  
f o r  a de l ive ry  accuracy of 50 n .  m i . ,  one can choose t h e  f i n a l  co r rec t ion  
t i m e  from t h e  VTA guidance da ta  curve i n  f i g u r e  l O ( b ) .  
best accuracy t h a t  can be obtained i s  approximately 1 n.  m i .  
d e l i v e r y  accuracy a fou r th  co r rec t ion  must be made almost 3 .5  hours 
from Earth pe r i aps i s  a t  a c o s t  of 35 f p s ,  r e s u l t i n g  i n  a t o t a l  RMS r e t u r n  
AV of 1 7 1  f p s .  A s  pointed out  i n  t h e  d iscuss ion  of t h e  Venus mission,  
t h e  de l ive ry  accuracy i s  very dependent on t h e  navigat ion system accuracy; 
t hus  t h e  use  of Earth-based t r ack ing  during t h e  approach-to-Earth upon 
r e t u r n i n g  s i g n i f i c a n t l y  a i d s  i n  t h e  improvement of t h e  d e l i v e r y  accuracy 
as compared t o  t h a t  a t  Mars i n  t h e  outbound phase. 

Having a l r eady  executed 

A s  can be seen,  t h e  
For t h i s  

The f igu res  presented f o r  t h e  1975 Mars f lyby  mission i n d i c a t e  t h a t  
a manned spacecraf t  can be de l ivered  t o  spec i f i ed  t a r g e t s  a t  Mars and 
Ear th  wi th in  accuracies  of 4 n.  m i .  and 1 n. m i . ,  r e spec t ive ly .  For 
t h i s  mission,  the c o s t s  represented by these  accurac ies  were approximately 
83 f p s  f o r  t h e  outbound phase and 171 f p s  f o r  t h e  r e t u r n  phase,  r e s u l t i n g  
i n  a t o t a l  cos t  of 254 f p s  f o r  midcourse maneuvers. 

Unmanned probe navigat ion and guidance.- A p l o t  of p e r t i n e n t  probe 
e n t r y  parameters as a func t ion  of separa t ion  v e l o c i t y  i s  presented f o r  t h e  
1975 Mars f lyby  mission i n  f i g u r e  11. The probe w a s  assumed t o  be deployed 
from t h e  spacecraf t  a t  t h e  Mars SO1 (z312 000 n. m i .  from t h e  p l a n e t )  wi th  
t h e  probe t r a j e c t o r y  i n c l i n a t i o n  t h e  same as t h e  i n c l i n a t i o n  of t h e  space- 
c r a f t  f lyby  hyperbola. 
e n t r y  a l t i t u d e  of 315 000 f t ;  an en t ry  a l t i t u d e  of 405 000 f t  i s  assumed 
f o r  t h e  d a t a  presented i n  f i g u r e  l l ( b ) .  

Figure l l ( a )  presents  probe en t ry  d a t a  f o r  an  

The probe re ference  t r a j e c t o r y  c h a r a c t e r i s t i c s  f o r  t h e  navigat ion 
and guidance ana lys i s  presented were an en t ry  a l t i t u d e ,  speed, and f l i g h t -  
pa th  angle  of 315 000 f t ,  32 250 f p s ,  and -loo; t h e  sepa ra t ion  AV w a s  
1 4  f p s .  
vacuum pe r i aps i s  2 minutes before  t h e  spacecraf t  reaches t h e  p e r i a p s i s  
of t h e  f lyby  hyperbola. 

With t h i s  choice of en t ry  parameters t h e  probe would a r r i v e  a t  

The probe navigat ion r e s u l t s  f o r  nominal and 2x nominal onboard 
r ada r  e r r o r s  are  presented i n  f i g u r e  1 2 .  The 2x nominal r ada r  e r r o r s  de- 
grade t h e  projected es t imate  of t h e  vacuum p e r i a p s i s  r a d i u s  during most 
of t h e  t racking  per iod and t h e  two curves eventua l ly  converge t o  t h e  same 
value 18 hours a f t e r  separa t ion  (36 measurements). 

The midcourse guidance r e s u l t s  f o r  t h i s  mission are presented i n  
f i g u r e  13. 
e r r o r s ,  and 13(b)  i l lus t ra tes  t h e  guidance d a t a  f o r  2x nominal onboard 
r ada r  e r r o r s .  

Figure 13(a)  p re sen t s  t h e  guidance d a t a  f o r  t h e  nominal r ada r  

A s i n g l e  co r rec t ion  executed 48 minutes before  t h e  probe 



would reach vacuum pe r faps i s  produces a t a r g e t  d i spers ion  of 4 . 1  n. m i .  
f o r  a AV cos t  of 81 f p s  ( a  

e r r o r s  by a f a c t o r  of two and computing t h e  e f f e c t  of a s i n g l e  co r rec t ion  
a t  t h i s  same time produces a r e su l t i ng  rad ius  d ispers ion  of 6.8 n. m i .  a t  
vacuum pe r faps i s  for t h e  same AV. This i nd ica t e s  t h a t ,  f o r  t h i s  mission,  
an increase  i n  radar  t r ack ing  e r ro r s  could have a pronounced e f f e c t  on 
t h e  guidance co r r ido r .  For example, i f  t h e  spec i f ied  guidance co r r ido r  
i s  30 n. m i .  then t h e  increase  i n  t racking e r r o r s  could r e s u l t  i n  t h e  
probe not h i t t i n g  t h e  spec i f i ed  conditions.  This cor r idor  could be  a t t a i n e d ,  
however, i n  t h e  case  of t h e  increased t r ack ing  e r r o r s ,  i f  t h e  co r rec t ion  i s  
delayed f o r  30 minutes. 
( r a d i u s  d ispers ion  = 3.3 n. mi.) with an increased AV penal ty  of 195 f p s .  

= 50 f t ,  a; = 0.5 f p s ) ;  increas ing  t h e  radar  
P 

Then t h e  cor r idor  could be reduced t o  19.8 n. m i .  

1977 Mars Stopover 

Spacecraf t  navigat ion and guidance.- This stopover mission c o n s i s t s  
of a 360-day outbound phase, a 300-day stopover o r b i t  phase,  and a 
320-day r e t u r n  phase. The o r b i t a l  phase w i l l  be discussed sepa ra t e ly ;  
whereas, t h e  outbound and r e t u r n  phases are discussed toge the r ,  as f o r  t h e  
two o ther  missions,  for  ready comparison. 

The navigat ion and guidance system configurat ion assumed f o r  t h e  
outbound and r e t u r n  phases of t h e  1977 Mars stopover mission w a s  t h a t  
previously discussed f o r  a l l  missions. Using t h e  p l o t t e d  pos i t i on  measure- 
ment e r r o r  i n  f i g u r e s  14(a)  and ( b ) ,  a reference schedule of t h e  optimum 
s i g h t i n g  body f o r  t h e  s ta r -p lane t  measurements w a s  chosen f o r  t h e  
outbound and r e t u r n  phases , respec t ive ly .  Figure 14(a) conta ins  t h e  error 
i n  p o s i t i o n  measurement as a funct ion of time from i n j e c t i o n  a t  Earth.  It 
can b e  seen t h a t  t h e  Earth i s  t h e  optimum body f o r  t h e  onboard o p t i c a l  
measurements during t h e  f i r s t  140 days of t h e  outbound t r i p  phase. 
t h i s  t i m e  u n t i l  Mars p e r i a p s i s ,  the p lane t  Mars i s  t h e  optimum body. 
S imi l a r ly  i n  f igu re  14(b), it i s  evident t h a t  f o r  t h e  r e t u r n  phase t h e  
optimum s igh t ing  body choice is  Mars for t h e  f i r s t  220 days and Ear th  for 
t h e  remaining t r i p  time. 

From 

Navigational uncer ta in ty  da ta  f o r  t h e  1977 Mars stopover outbound 
and r e t u r n  phases can be found i n  f igu res  15(a) and 1 5 ( b ) ,  r e spec t ive ly .  
These f igu res  a r e  similar t o  those containing t h e  same type da ta  f o r  t h e  
Venus and Mars f lyby missions.  The p r i n c i p a l  d i f f e rence  can be seen i n  
t h e  s l i g h t l y  higher i n i t i a l  and intermediate uncer ta in ty  values  f o r  both 
t h e  outbound and r e t u r n  phases. This,  of course,  i s  a d i r e c t  r e s u l t  of 
t h e  much longer time per iods of both phases of t h e  1977 Mars stopover as 
compared t o  those  f o r  t h e  previous missions.  Also., it should be remembered 
t h a t  t h e r e  i s  a time per iod of 300 days between t h e  end of t h e  outbound 
phase and t h e  beginning of t h e  r e tu rn  phase. 
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Figures  l5(a) and. 1 5 ( b )  conta in  t h e  RMS p o s i t i o n  unce r t a in ty  a t  Mars 
p e r i a p s i s  and a t  Earth p e r i a p s i s  as func t ions  of  t i m e  a long t h e  outbound 
and r e t u r n  t r a j e c t o r i e s  , r e spec t ive ly .  Each phase requi red  four  guidance 
maneuvers t o  meet t h e  spec i f i ed  de l ive ry  accuracy requirements.  
v e l o c i t y  cor rec t ions  are denoted by arrows.)  
f i gu res  t h e  terminal  pos i t i on  unce r t a in ty  f o r  each phase i s  approximately 
equal t o  t h a t  of each r e spec t ive  phase of  t h e  two previous missions.  
f i g u r e  l 5 ( b ) ,  again no t i ce  t h e  level ing-off  of t h e  curve p r o f i l e  during 
t h e  long he l iocen t r i c  per iod of t h e  r e t u r n  phase when very l i t t l e  
navigat ion information i s  obtained,  and t h e  apprec iab le  drop i n  t h e  curve 
a t  approximately 220 days when t h e  Earth aga in  becomes t h e  optimum s i g h t i n g  
body. 

(These 
A s  can be seen i n  these  

I n  

Figures  16(a) and 1 6 ( b )  conta in  t h e  t o t a l  outbound and r e t u r n  
RMS AV as a func t ion  of RMS radius  of p e r i a p s i s  d i spers ion  a t  Mars and 
Ear th ,  r e spec t ive ly .  These f i g u r e s  were used t o  determine t h e  f o u r t h  
co r rec t ion  of  each phase of  t h e  1977 Mars stopover mission i n  t h e  same 
manner as w a s  done f o r  t h e  Venus and Mars f lyby  missions.  That i s ,  i n  
f i g u r e  16 (a )  it can be  seen t h a t  after t h e  t h i r d  v e l o c i t y  co r rec t ion  of 
t h e  outbound phase, t h e  de l ive ry  accuracy of t h e  spacecraf t  t o  Mars p e r i a p s i s  
( o r  o r b i t  deboost) i s  26 n. m i .  , and t h e  t o t a l  c o s t  a t  t h i s  t i m e  i s  74 f p s .  
By fol lowing the VTA guidance d a t a  curve t o  t h e  l e f t  of t h e  f i g u r e ,  it i s  
evident t h a t  a de l ive ry  accuracy of approximately 4 n. m i .  can be  obtained 
by a f o u r t h  guidance maneuver executed a t  3 .5  hours from o r b i t  deboost 
f o r  t h e  added cos t  of  only 20 f p s  o r  a t o t a l  outbound f u e l  cos t  of 90 f p s .  

S imi l a r ly ,  us ing  f i g u r e  1 6 ( b ) ,  f o r  t h e  r e t u r n  phase a de l ive ry  
accuracy of  l e s s  than  1 n. m i .  can be  obtained by making a f o u r t h  guidance 
co r rec t ion  a t  2 .5  hours before  Ear th  p e r i a p s i s  f o r  a t o t a l  r e t u r n  cos t  
of approximately 80  f p s .  

It  should be not iced t h a t  i n  comparing t h e  outbound and r e t u r n  phases 
of t h e  t h r e e  missions t h e  te rmina l  de l ive ry  accurac ies  of all t h r e e  missions 
a r e  approximately equal;  however , t h e  cos t  of  midcourse guidance maneuvers 
i s  considerably l e s s  i n  t h e  1977 Mars stopover mission than  i n  t h e  two 
previous missions.  This i s  a r e s u l t  of t h e  b a s i c  c h a r a c t e r i s t i c s  of t h e  
1977 Mars stopover mission,  e spec ia l ly  t h e  t ime l e n g t h ,  l o w  speed, and 
t r a j e c t o r y  configurat ion.  Table I1 presents  a comparison of t h e  
c h a r a c t e r i s t i c s  of  t h e s e  missions.  

Spacecraft  navigat ion and guidance ( o r b i t  phase) . -  As w a s  previously 
mentioned t h e  1977 Mars stopover mission inc ludes  a 300-day s t a y  t ime i n  
o r b i t  about the  p l ane t  Mars. The c h a r a c t e r i s t i c s  of t h i s  o r b i t  are pre- 
sented i n  t a b l e  111. 

Since a navigat ion and guidance ana lys i s  f o r  t h e  Mars o r b i t a l  phase 
warrants a complete study wi th in  i t s e l f ,  only a brief ske tch  of  o r b i t a l  
naviga t iona l  data  and no guidance d a t a  are presented .  



There a r e  seve ra l  types o f  o r b i t a l  navigat ion techiniques which a r e  
app l i cab le  t o  t h i s  study ( s e e  r e f .  8 ) ;  however, f o r  t h e  da t a  presented 
only one type of navigat ion w a s  considered f o r  t h e  spacecraf t  while i n  
o r b i t  about Mars. The navigat ion simulated w a s  t h e  star-Mars-horizon 
included angle  measured with a sex tan t .  These measurements were 
processed throughout t h e  300-day s t ay  time a t  1-hour i n t e r v a l s .  This 
p a r t i c u l a r  measurement should be  qu i t e  appl icable  t o  t h e  p a r t i c u l a r  
mission being s tudied  s ince  t h e  apoapsis of t h e  o r b i t  i s  approximately 
10  000 n.  m i .  from Mars and t h e  o r b i t a l  per iod i s  about 0 .5  day. 

The naviga t iona l  da t a  obtained f o r  t h e  300-day o r b i t a l  phase of t h e  
1977 Mars stopover i s  presented i n  f i g u r e  17 ,  i n  which t h e  RMS pos i t i on  
unce r t a in ty  i s  p l o t t e d  as a funct ion of time i n  o r b i t .  
of f i g u r e  17, it i s  found t h a t  the  s tar-horizon navigat ion measurement 
con t ro l s  t h e  RMS pos i t i on  uncer ta in ty  t o  a range between approximately 
0.6 and 3.0 n. m i .  (lo). The i n t e r e s t i n g  f e a t u r e  of t h e  f i g u r e  i s  t h e  
o s c i l l a t o r y  behavior of t h e  uncer ta in ty  curve. No s p e c i f i c  reason i s  
given f o r  t h i s  e f f e c t ,  although it i s  probably geometrical  with r e spec t  
t o  t h e  p l a n e t ' s  o r b i t  as wel l  as t h a t  of t h e  spacecraf t .  
d i r e c t l y  r e s u l t i n g  from each o r b i t  i s  not shown i n  t h e  f i g u r e  because 
of t h e  s c a l e .  

By inspec t ion  

The o s c i l l a t i o n  

Unmanned probe navigat ion and guidance.- A p l o t  of p e r t i n e n t  probe 
e n t r y  parameters as a func t ion  of separa t ion  v e l o c i t y  i s  presented f o r  
t h e  1977 Mars stopover mission i n  f igu re .18 .  
e n t r y  d a t a  f o r  en t ry  a l t i t u d e s  of 315 000 f t  and 405 000 f t .  

Figure 18 presents  t h e  

The nominal probe t r a j e c t o r y  se l ec t ed  f o r  t h i s  mission assumed an 
en t ry  a l t i t u d e  of 315 000 f t ,  an  entry speed of 18 350 f p s ,  and an en t ry  
f l i gh t -pa th  angle  of -5O. The probe deployment AV w a s  45 f p s .  

The unmanned probe navigation r e s u l t s  a r e  presented i n  f i g u r e  1 9 ,  for 
both  nominal and 2x nominal onboard r ada r  e r r o r s .  The 2x nominal radar  
e r r o r s  produce lower projected vacuum p e r i a p s i s  r ad ius  u n c e r t a i n t i e s  
between 35 and 50 hours from separat ion.  The explanat ion for t h i s  
phenomena i s  r e l a t e d  t o  t h e  co r re l a t ion  i n  t h e  augmented unce r t a in ty  
mat r ix  f o r  t h e  spacecraft-probe combination. The behavior of t h e  d a t a  
i s  as expected ou t s ide  of t h i s  time per iod ,  and t h e  two curves converge 
t o  t h e  same va lue  approximately 58 hours from separa t ion  (116 measurements). 

The guidance r e s u l t s  f o r  nominal and 2x nominal radar  e r r o r s  a r e  
i l l u s t r a t e d  i n  f igu res  20(a)  and 20(b) , r e spec t ive ly .  
r a d a r  t r ack ing  e r r o r s  have t h e  e f f e c t  of doubling t h e  AV cos t  t o  achieve 
a spec i f i ed  t a r g e t  d i spers ion .  For  example i f  a co r r ido r  of 30 n. m i .  i s  
des i r ed  (vacuum pe r i aps i s  r ad ius  d ispers ion  = 5 n. m i . ) ,  t h e  AV cos t  f o r  
nominal radar  e r r o r s  i s  25 f p s  whereas f o r  2X nominal radar  e r r o r s  t h e  
c o s t  i s  increased t o  almost 50 fps.  

The increased 



CONCLUDING REMARKS 

Navigation and guj-dance analyses  f o r  t h r e e  r ep resen ta t ive  manned 
in t e rp l ane ta ry  missions - a 1972 Venus f lyby ,  a 1975 Mars f lyby ,  and a 
1977 Mars stopover - were presented.  A l l  phases of each mission were 
considered;  an evaluat ion of t h e  performance of both t h e  manned spacec ra f t  
and an unmanned probe w a s  included for each mission.  

The purpose af' t h e  study w a s  not t o  recommend any s p e c i f i c  mission,  
but  r a t h e r  to show severa l  d i f f e r e n t  i n t e rp l ane ta ry  missions and t h e  
similar navigat ion and guidance r e s u l t s  obtained.  

Excluding the  f u e l  c o s t  for maneuver i n  t h e  Mars stopover o r b i t  
phase,  t h e  r e s u l t s  i nd ica t e  f o r  each mission t h a t  a t o t a l  midcourse 
AV of t h e  order  of 200 f p s  (la) can produce spacecraf t  de l ive ry  accurac ies  
of  approximately 4 n. m i .  a t  Mars o r  Venus and 1 n. m i .  a t  Ear th  for t h e  
outbound and r e tu rn  mission phases ,  r e spec t ive ly .  S imi l a r ly ,  a n  
accuracy somewhat l e s s  than  5 n.  m i .  i s  ind ica ted  f o r  a probe de l ive ry  
with one midcourse co r rec t ion  cos t ing  approximately 80 f p s  ( l a ) .  



TABLE I.- NOMINAL RMS ERROR VALUES (1~) 

( a )  Navigation system 

Onboard sex tan t  accuracy . arc  sec . . . . . . . . . . . . . . .  1 0  

Onboard radar accuracy : 

Range, f t  . . . . . . . . . . . . . . . . . . . . . . . . . .  50 
Range r a t e ,  f p s  . . . . . . . . . . . . . . . . . . . . . . .  0.5 

Radius uncertainty/planet  radius : 

Mars, Venus . . . . . . . . . . . . . . . . . . . . . . . . .  0.005 
E a r t h . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  0.001 

P lane t  pos i t i on  uncer ta in ty ,  n .  m i .  . . . . . . . . . . . . . .  100 

Earth-based radar accuracy : 

Range, ft . . . . . . . . . . . . . . . . . . . .  20 < range < 200 
Range r a t e ,  fps . . . . . . . . . . . . . .  0.5 - < ranFe rate-: 1 . 5  

( b )  Guidance system 

Propor t iona l  , percent . . . . . . . . . . . . . . . . . . . . . .  1 

Point ing , deg . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

Cutoff ,  rps . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 .5  
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TABLE 111.- CHARACTERISTICS OF STOPOVER ORBIT 

OF 1977 MARS M I S S I O N  

Orbit staytime, days . . . . . . . . . . . . . . . . . . . .  300 

Periapsis altitude, n. mi. . . . . . . . . . . . . . . . . .  200 

Apoapsis altitude, n. mi. . . . . . . . . . . . . . . . . .  9621.67 

Inclination, deg . . . . . . . . . . . . . . . . . . . . . .  18.65 

Eccentricity, n.d. . . . . . . . . . . . . . . . . . . . . .  697 

Period, hr . . . . . . . . . . . . . . . . . . . . . . . . .  11.78 

Periapsis velocity in (hyperbola) . fps . . . . . . . . . . .  17 800 

Periapsis velocity (ellipse) . fps. . . . . . . . . . . . . .  14 403 

Apoapsis velocity (ellipse), fps . . . . . . . . . . . . . .  2568 

Periapsis velocity out (hyperbola), fps. . . . . . . . . . .  18 395 
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(a) 1972 Venus f l y b y .  

Figure 1. -Projection of trajectories into the ecl ipt ic plane. 
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(b) 1975 Mars f lyby. 

Figure 1. - Continued. 
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( c )  1977 Mars stopover. 

Figure 1. - Concluded. 
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Figure 13.- Probe guidance data for 1975 Mars flyby. 
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APPENDIX A 

PROBE-SPACECRAFT NAVIGATION SYSTEM EQUATIONS 

The probe-spacecraft  t rack ing  geometry is i l l u s t r a t e d  i n  figure A-1.  
For t h i s  s tudy it was'assumed t h a t  t h e  spacecraf t  onboard r ada r  measured 
r e l a t i v e  range and range-rate  t o  t h e  probe and simultaneously used an 
onboard o p t i c a l  sensor ,  i . e . ,  s ex tan t ,  t o  measure t h e  included angle  
between t h e  t a r g e t  p lane t  horizon and a star.  
f e a s i b l e  s ince  t h e  onboard radar can t r a c k  t h e  probe cont inuously and when 
t h e  spacec ra f t  horizon-star  measurement i s  fed  i n t o  t h e  onboard computer 
a command i s  automatical ly  s e t  up i n  t h e  navigat ion program which c a l l s  
f o r  simultaneous d a t a  processing of t h e  r ada r  range and range-rate  i n fo r -  
mation. 

This procedure seems 

The d a t a  can be processed i n  t h e  onboard computer us ing  an  augmented 
Kalman f i l t e r  ( r e f .  9 and 1 0 ) .  The s t r u c t u r e  of t h e  augmented f i l t e r  
equat ions i s  i d e n t i c a l  t o  t h e  standard Kalman f i l t e r  equat ions except 
t h e  s ta te  vec tor  dimensions are increased.  For t h i s  s tudy,  t h e  s t a t e  vec to r  
i s  12-dimensional and includes the  spacec ra f t  and probe pos i t i ons  and 
v e l o c i t i e s .  The equat ion which r e l a t e s  devia t ions  i n  th i s  s ta te  vec tor  
a t  t i m e ,  t ,  t o  devia t ions  at time, to, i s  

wher @(t,to) and r(t 

0 

to) a t h e  6 x 6 spac 

t r a n s i t i o n  mat r ices ,  r e spec t ive ly .  Define 

rob t t e  



and 

I 

Q(t,to) = 

Then equation ( A l )  becomes 
- c ( t )  = O ( t , t o ) E ( t o )  

The i n i t i a l  1 2  x 1 2  covariance mat r ix  for t h e  augmented system, 
i . e . ,  a t  probe-spacecraft  separa t ion ,  i s  def ined  by 

Es ( SEP 

P ( t s E p ) =  [ 0 Ep(:sEp] 

where Es( tSEp ) 

Ep( tsEp)  = Es(tsEp)  + AE(tSEp).  

t o  t h e  probe uncer ta in ty  matr ix  as a r e s u l t  of an  imperfect s epa ra t ion  
maneuver. 
between measurements i s  given by t h e  equation 

i s  t h e  spacecraf t  unce r t a in ty  covariance matr ix  and 

The t e r m  AE(tsEp) i s  t h e  degradat ion 

The equat ion for propagating t h e  augmented covariance mat r ix  

( A 6 )  P ( t )  = O(t , to )P ( to )O  T ( t , to) .  

The equation which r e l a t e s  devia t ions  i n  t h e  observables  t o  state 
vec tor  devia t ions  i s  

where t h e  3 x 12 matr ix  H ( t )  i s  w r i t t e n  i n  p a r t i t i o n e d  form as 



The 1 x 6 vec tor  A ( t )  i s  defined by 

and t h e  2 x 6 matr ix  B ( t )  is defined by 

B(t) = [ a i  -1. - a i  
(A101 

- 
a; a i i  

The p a r t i a l  de r iva t ives  requi red  i n  equations (A91  and (A101 can be ca l -  
cu la t ed  from t h e  following r e l a t ionsh ips  ( s e e  f i g .  A - l ) .  

- 
- -  

( A l l  1 
r r x (Fs x as) B -  S - r +  a b  

aF 1-3 COS e S ':IFs x ~~l 
S S 

- -  a b  - 0 

aVs 

-T a p - P  - 

-T 
& = L  
a7 p 

P 

1 
i 



The equations requi red  t o  update t h e  augmented unce r t a in ty  mat r ix  
P ( t ) ,  a t  t h e  time of a measurement can now be w r i t t e n  

+ 
( A 1 3 )  I P ( t )  = [I  - K ( t ) H ( t ) l P - ( t )  

K ( ' t )  = P-(t)HT(t)M-'(t) 

M ( t )  = H(t )P - ( t )HT( t )  + R(t) 

where t h e  3 x 3 covariance mat r ix  of measurement e r r o r s  R( t) i s  def ined 
bY 

R(t) = 

a 2  0 0 
€3 

0 
0 a 2  

P 

0 U.2 
P 

0 

and t h e  ( - )  and (+) supe r sc r ip t s  r e f e r  t o  a quan t i ty  before  and af ter  t h e  
measurement I) respective-ly . 
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